Background: Japanese encephalitis (JE) is a viral disease predominantly located in South East Asia and commonly associated with transmission between amplifying hosts, such as pigs, and the mosquito Culex tritaeniorhynchus, where human infection represents a dead end in the life cycle of the virus. The expansion of JE beyond an Asiatic confine is dependent on a multitude of complex factors that stem back to genetic subtype variation. A complex interplay of the genetic variation and vector competencies combine with variables such as geography, climate change and urbanization. Methods: Our understanding of JE is still at an early stage with long-term longitudinal vector surveillance necessary to better understand the dynamics of JE transmission and to characterize the role of potential secondary vectors such as Cx. pipiens and Cx. bitaeniorhynchus. The authors review the vectors indicated in transmission and the ecological, genetic and anthropological factors that affect the disease's range and epidemiology. Conclusion: Monitoring for the presence of JE virus in mosquitoes in general can be used to estimate levels of potential JE exposure, intensity of viral activity and genetic variation of JEV throughout surveyed areas. Increased surveillance and diagnosis of viral encephalitis caused by genotype 5 JE virus is required in particular, with the expansion in epidemiology and disease prevalence in new geographic areas an issue of great concern. Additional studies that measure the impact of vectors (e.g. bionomics and vector competence) in the transmission of JEV and that incorporate environmental factors (e.g. weekly rainfall) are needed to define the roles of Culex species in the viral pathogenesis during outbreak and non-outbreak years.
Introduction
Japanese encephalitis (JE) is a mosquito borne viral encephalitis caused by a flavivirus related to the dengue, yellow fever and West Nile viruses, and shares 56.1% amino acid sequence identity with the Zika virus. 1 
JE is the main cause of viral encephalitis in
The JE virus (JEV) (Flavivirus: Flaviviridae) has a positivesense RNA genome and presents an enzootic cycle involving mosquitoes and amplifying vertebrate hosts. [8] [9] [10] Humans and horses are considered to be dead-end hosts; whilst they can be infected by JEV, they do not develop high levels of blood viremia, and thus are unlikely to infect mosquitoes. 11, 12 As human infection does not contribute to transmission, no herd immunity is generated and vaccination against JEV has to be continual in local populations. 13 This incurs substantial ongoing costs to local health authorities, and creates considerations for foreign travellers. This article aims to review the current and potential new competent vectors of JEV, and will describe the dynamic changes in viral genome over the recent decades. The article will also link the genotype and carriers to future increase of JE prevalence and potential emergence to regions outside its natural range.
JEV: Vectors and Hosts
Vectors JEV has been isolated from over 30 species of mosquitoes (Table 1) , from the genera Aedes, Anopheles, Armigeres, Culex and Mansonia, although presence of JEV does not determine their competency as a vector. Culex tritaeniorhynchus is the primary vector in most endemic areas [14] [15] [16] [17] [18] [19] and is associated with rice production, where wetland rice fields and similar irrigation systems provide an optimal habitat for larval development. 20 The ecology between Cx.
tritaeniorhynchus and rice fields has been studied extensively, [21] [22] [23] suggesting that rice fields provide greater prevalence of Cx. tritaeniorhynchus than natural breeding sites. 24 Numbers of Cx. tritaeniorhynchus vary throughout the year in JEV endemic areas, [25] [26] [27] but populations may remain substantial.
Monthly humidity and rainfall in itself may not be a reliable indicator of Cx. tritaeniorhynchus as it has been shown that numbers decline in the rainy season of Kerala, India, 28 although mean temperature during the wet season and altitude do seem to influence their range. 29 In areas with high rice production, agricultural practices relating to irrigation, artificial flooding, drainage and harvest cycles may have a large influence on Cx tritaeniorhynchus numbers independent of climatic factors. 20, [30] [31] [32] Other Culex species involved in transmission include Cx. annulirostris, established as the primary vector for JEV transmission in Australia, 33, 34 and important secondary vectors Cx.
vishnui, Cx. pseudovishnui, Cx. gelidus, Cx. sitiens and Cx. fuscocephela. All of these species, including Cx. tritaeniorynchus, are nocturnal in behaviour, [35] [36] [37] however, each species has its own breeding preferences. 38 Anopheles spp., such as An. subpictus, is strongly suspected to be involved in the epidemiology of JE transmission in Gorakhpur district, Uttar Pradesh, in northern India. 39 Anopheles subpictus was reported as a vector of JEV in Cuddalore, an area of Tamil Nadu, India, at the time of an epidemic 40 and in Vellore district,
An. subpictus has shown higher numbers than the Cx. vishnui group during JEV seasons. 41 Anopheles Subpictus, An. peditaeniatus and An. hyrcanus were suspected as secondary vectors for JEV due to their high densities in JEV high prevalence areas, 42 although an unspecified member of the An. hyrcanus subgroup was shown to be unable to transmit JEV. 43 Positive pools of JEV have been discovered in An. subpictus in 25% of instances-second only to Cx. tritaeniorhynchus (36%) in field studies. 44 Other genera, such as Armigeres, have also been implicated in areas where absence of rice cultivation has resulted in restricted densities of the main Culex vectors. is a concerning development as these mosquitoes, which feed mostly on birds, will also feed on mammals, 51 especially after diapause in temperate habitats. 52 The behavioural aspects of the implicated mosquito species, and their competency as carriers of arboviruses, has raised questions over whether these additional mosquito species could also act as secondary vectors for JEV in geographies wider than South East Asia.
Hosts
Whilst viremia can be detected in a number of vertebrate hosts, including cattle, horses and humans, only porcine and avian hosts have high enough levels of blood viremia to enable transmission to mosquitoes. Since both porcine and avian hosts are able to develop immunity shortly after initial infection, a regular pool of new susceptible hosts is required for continued transmission. Studies in Japan in the 1950s identified pigs and birds of the family Ardeidae as the most likely potential hosts (summary in Buescher and Scherer 53 ) present due to their densities and high population turnover. The possibility for pigs to pass on JEV intra-specifically via nasal secretions 54 without a mosquito vector may help additionally increase numbers of viremic hosts. Host ecologies in Japan, however, do not necessarily represent other areas suffering seasonal epidemics or endemicity to JEV. It is necessary to consider that other hosts, besides swine and ardeids, particularly in regions where cultural or religious attitudes have resulted in reduced pig populations. Domestic birds such as chickens, ducks and pigeons have shown in experimental studies blood viremia titres within the range of those recorded for pigs, 17, [55] [56] [57] and due to their often-close proximity to human domiciles could be important alternative amplifying vectors. JEV has been isolated from numerous other hosts such as bats [58] [59] [60] which may have a role as reservoir hosts, allowing the virus to overwinter in areas suffering seasonal epidemics. 
Evolution of JEV Genotypes and Their Importance
The genome size of JEV is ca. 11 000 base pairs (bp) in length and encodes 10 proteins: three structural proteins (capsid, membrane, and envelope proteins) and seven non-structural proteins. 18 The structural proteins forming the viral envelope of JEV can be examined for protein sequences and have now been differentiated into five genotypes (G1-G5) based on the nucleotide sequence of the envelope (E) gene, with G1 being subdivided with G1-a and G1-b. 9,61 Genotypes 1-5 have been isolated from numerous hosts and vectors across Asia and Australia, but they all initially originated from an ancestral virus in the Indonesia-Malaysia region. 9, 61 China is reported to have the highest JEV activity with more than 100 JEV strains belonging to G1, G3 and G5 having been isolated in the past 70 years. 62, 63 Historically, G3 was the most prevalent JEV in humans, 64, 65 with presentation being restricted to South and East Asia until the isolation of a case in Angola in 2016. 66 The past 30 years have also seen a shift in the prevalence from JEV G3 to G1 in several Asian countries, including China, Japan and Korea. 14, [67] [68] [69] [70] 49, 76 suggesting that JEV G5 is reemerging in Asian countries. There is strong evidence that the morphology of JEV itself is involved in disease prevalence and/or transmission. Whilst there are only limited genetic differences distinguishing the two G1 types, G1-b has shown better mosquito transmission, with a significantly wider and more rapid dispersal pattern in several regions in Asia than G1-a, which remains restricted in its geographic distribution. 77 A recent in vitro co-infection study confirmed the predominance of G1 strains in mosquitoes and porcine cells and the limited detection of G1 strains in humans cells. 78 Another laboratory-based study reported the greater neuropathogenic effect of JEV G5 in a mouse model in comparison to JEV G3, and its enhanced virulence of JEV G5 was linked to its poor viral clearance. 75 In conclusion, it is now crucial to characterize and understand the reasons of the JEV genotype shifts and the potential consequences in terms of human infection, virus spread and pathogenicity.
JEV Geographical Range Expansion and New Risks of Transmission

Mode of transmission
Efforts to control JE through vaccination and surveillance programmes in the 24 countries endemic for the disease, have had a significant effect, with a 60% drop in cases reported from 2011 to 2015. 79 The 87% of these cases come from four countries: [58] [59] [60] have been shown to maintain viremia throughout hibernation, with the latter of particular interest due to the migratory habits of some species. Anthropologically generated movement of infected hosts or vectors via international trade or travel presents a novel way for reintroduction to temperate regions and may be instrumental in expanding the current JEV range. Given the differing ecologies between Asia and the rest of the world, transmission cycles would have to be revaluated, with vectors such as Cx. pipiens and Ae. albopictus and domestic livestock as well as other avian hosts 86 likely to be important in temperate regions.
Climate change
Ranges of JEV vectors such as Cx tritaeniorhyncus appear to be expanding, with significant densities found in more northerly latitudes as far as Western Greece. 87 Expansion of JEV into highland areas (up to 3100 m) of Tibet and Nepal, 61,88-90 previously thought to be JEV-free have raised questions around the association with climate change; 91 although explanations such as reduced coverage of vaccinations in highland areas, and infrequent or low coverage of surveillance must be considered. 92 Other climatic events such as floods have been linked to outbreaks of JEV, 93 and strong winds may help with long distance dispersal of infected vectors. Wind dispersion can move mosquitoes up to 500 km, 94 and has been suggested as a route for the introduction of JEV into the northern Australia, 95, 96 and as a route for reinfection into China 97 and Japan 98 from South East Asia.
Expansion of Asian meat production
Fuelled by a population that has more than doubled in the last 50 years and a sharp increase in demand, meat production across Asia has increased by 790% since 1967-2015. The majority of this increase has come from China 99 including an 870% rise in pork production. Between 2000 and 2010 Asian duck production increased by over 40%, and between 2000 and 2013 chicken production by over 70%. 99 This has resulted in a massive increase in available amplifying hosts, and has equally caused a shift from rural agriculture in smallholdings, to larger intensive systems set in peri-urban industrial sites. These facilities place large numbers of hosts in close proximity with each other which, in the case of pigs, could allow rapid spread of the virus within herds with only minimal interaction with infected vectors.
Urbanization
Traditionally, JEV has been associated with rural areas, linked to rice agriculture and pig rearing. However, the wide genetic variation of JEV and its ability to infect such a large number of potential vector species further broadens the reach of JEV beyond rural environments. Increasing urbanization of the global population means that as well as a move to intensive peri-urban livestock rearing, greater numbers of urban and peri-urban inhabitants are turning to urban agriculture as an extra source of food and income, especially for lower income individuals. The impact of the presence of pigs, close to human residences, on the number of JEV vectors in an urban setting has been examined by Lindahl et al., 100 and was found to increase numbers of the Cx.
vishnui subgroup. Indigenous transmission between pigs and JEV vectors in urban environments 16, 101 along with presentation of cases in large developed cities such as Delhi and Bangkok 102, 103 show that urban transmission is possible. Even though poultry are the mostly commonly kept domestic livestock, to date no studies on the impact of urban fowl on numbers of JEV vectors or cases have been conducted. Investigations are needed to determine whether domestic poultry rearing has any effect on urban JEV incidence.
In both urban and rural settings, animal sentinel hosts can give an indication of the levels of virus circulation and may be important for predicting spill-over into human populations. 104 Dogs, as well as young amplifying hosts, such as piglets, have been suggested as ideal domestic sentinels 105, 106 due their oftenclose proximity to humans and (in the case of piglets) their ability to indicate recent infection loads.
Large availability of potential vectors, including increased vector competence due to genome changes
The strong association between Cx. tritaeniorhynchus and JEV, is mainly due to the widespread presence of this vector in endemic areas, high prevalence of JEV in the mosquitoes, and the correlation between density of this vector and seasonal outbreaks. Although Cx. tritaeniorhynchus will readily feed on pigs, especially if they have fed on them before, 107 it shows preference for blood feeding on cattle given the choice, 108 and a large amount of data collected on Cx. tritaeniorhynchus abundance across Asia is collected by sampling from around cattle sheds. Since cattle are unable to develop high enough viraemia to infect mosquitoes, sampling at such locations may not provide an accurate picture of the relative abundances and composition of the vector communities that are feeding on JEV hosts. 109 Variance in regional geographies and ecologies means that habitats may be preferable for other secondary vectors compared with Cx. tritaeniorhynchus, and the importance of these vectors cannot be ignored. The increasing list of discovered potential vector species may be associated with changing JEV genealogy, as experimental data suggests that the increasingly more common G1-b JEV genotype replicates in mosquito cell lines quicker than G1-G5. 110 With this in mind, we must consider what makes a good vector for JEV. Modelling conducted by Dye 111 predicts that vector host feeding preferences can have a direct effect on blood borne pathogen transmission, since host choice outside amplifying hosts reduces the likelihood of successful transmission from both mosquito and host. This implies JEV vector feeding on hosts outside of pigs and birds would be predicted to reduce transmission efficiency, as of course would lower host or vector density, raising questions about how Cx. tritaeniorhynchus can maintain transmission in endemic areas where pig density is low. 13 A possible explanation for this may be behaviour termed as 'pre-biting resting', 112, 113 where in the presence of high densities of other mosquitoes, a mosquito may pause nearby a host before biting. Proposed as a method of avoiding host defence behaviour, analysis of blood meals show mosquitoes undergoing pre-biting resting may then search for a different host. This may allow vectors, which show some plasticity in their host preference, such as Cx. tritaeniorhyncus, to feed on JEV amplifying hosts that they normally would not prefer if given a choice. An effective vector, therefore, may or may not need high host specificity for hosts able to maintain high viremia, but must able to develop high enough virus titres to infect other hosts, and to be present in great enough numbers around these hosts in both space and time. Regional specific sampling, conducted around competent hosts, would likely give a clearer idea of which vectors are responsible for JEV transmission.
Expansion of JEV out of Asia
Currently, isolations of JEV have been limited to Asia and the western Pacific, with the exception of JEV G3 isolated from a patient in Angola in 2016 66 and from samples of Cx. pipiens in Italy. 50 This may be partly due to physical restrictions affecting climatic and migratory transmission out of Asia in the form of cooler climates to the north, mountain ranges and the Indian Ocean to the west and the Pacific Ocean to the east; however, increases in international travel and trade mean spread of infected vectors and hosts may be easier. It is debatable whether movement of infected vectors and individuals by air travel is likely to have a large effect due to low numbers of mosquitoes transported on board, [114] [115] [116] aircraft disinsection, 117 and the inability for humans to act as hosts. Asian countries in general do not export large amounts of live potential JEV hosts; the exceptions being China and Malaysia which export globally significant numbers of pigs and poultry respectively. Chinese pig exports go almost exclusively to Macau, Hong Kong and Mongolia, and the vast majority of Malaysian poultry goes to Singapore and other Asian countries, although in 2014 a large number of poultry were sent to Nigeria (Source: Nosis 118 ). This general lack of movement of live animals out of Asia may have helped stunt the expansion of JEV from its current range.
The movement of vectors via international trade, therefore, seems the most likely route of expansion out of Asia, but would require mosquitoes to be able to survive long journeys via sea. Culicine JEV vectors may find it more difficult to survive on a long journey aboard international shipping since their eggs are not resistant to desiccation, unlike some Aedes spp. which can survive over a month without water. 119 ), most of which enter into its main port in the capital Luanda. Luanda is where the patient who contracted JEV began to show symptoms, and whilst by no means conclusive, it may add some support for the hypothesis that JE was introduced via infected vectors that had managed to survive the journey via sea.
If the virus were to emerge outside Asia, coverage of competent vectors and hosts are widespread with large densities of domesticated pigs and poultry especially found in Europe (Figures 2 and 3) . Whilst Cx. tritaeniorhynchus can be found as far west as Greece, general lack of rice cultivation across Europe 123 likely means that lower densities of this vector could be achieved, and other aviphillic or mammalophilic species such as Cx. pipiens or Ae. albopictus/Ae. japonicas, respectively could act as important European vectors. Overwintering and/or vertical transmission by these mosquitoes could maintain JEV during seasons when populations are low, with transmission to competent hosts resuming when climatic conditions allow. Overflow from hosts into a largely susceptible population could result in large numbers of cases.
Conclusion
The future consequences of the changing JEV genome mean expansion in epidemiology and disease prevalence in new geographic areas is an issue of great concern. The altering genome of JEV provides that long-term longitudinal vector surveillance is now necessary to understand better the dynamics of JEV transmission, and to characterize the role of potential secondary vectors such as Cx. pipiens and Cx. bitaeniorhynchus. Increased surveillance and diagnosis of viral encephalitis caused by genotype 5 JEV, in particular, is an issue in nations in which the virus is endemic. The monitoring of the presence of JEV in mosquitoes can be used to estimate levels of potential virus exposure, intensity of viral activity, and genetic variation of JEV throughout surveyed areas. However, additional studies that measure the impact of vector qualities such as bionomics and competence, in the transmission of JEV, and that incorporate environmental factors, are also urgently needed to define species involvement in the viral pathogenesis of the virus in outbreak and non-outbreak years.
